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FIG. 1B 
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FIG. 2 

(PRIOR ART) 



U.S. Patent Sep. 23, 2003 Sheet 4 0f 17 US 6,624,756 B1 

FIG. 3 
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LIQUID CRYSTAL LIGHT VALVE SYSTEM 
WITH AUTOMATIC COLOR BALANCE 

CORRECTION 

FIELD OF THE INVENTION 

The invention relates to liquid crystal-based light valve 
systems such as those used in color video displays and in 
particular relates to such light valve systems having auto 
matic color correction. 

BACKGROUND OF THE INVENTION 

A need exists for various types of video and graphics 
display devices With improved performance and loWer cost. 
For example, a need exists for miniature video and graphics 
display devices that are small enough to be integrated into a 
helmet or a pair of glasses so that they can be Worn by the 
user. Such Wearable display devices Would replace or 
supplement the conventional displays of computers and 
other devices. A need also exists for a replacement for the 
conventional cathode-ray tube used in many display devices 
including computer monitors, conventional and high 
de?nition television receivers and large-screen displays. 
Both of these needs can be satis?ed by display devices that 
incorporate a light valve system that uses as its light control 
element a spatial light modulator based on liquid crystal 
material. 

Liquid crystal-based spatial light modulators are available 
in either a transmissive form or in a re?ective form. The 
transmissive spatial light modulator is composed of a layer 
of a liquid crystal material sandWiched betWeen tWo trans 
parent electrodes. The liquid crystal material can be either 
ferroelectric of nematic type. One of the electrodes is 
segmented into an array of pixel electrodes to de?ne the 
picture elements (pixels) of the transmissive spatial light 
modulator. The direction of an electric ?eld applied betWeen 
each pixel electrode and the other electrode determines 
Whether or not the corresponding pixel of the transmissive 
spatial light modulator rotates the direction of polariZation 
of light falling on the pixel. The transmissive spatial light 
modulator is constructed as a half-Wave plate and rotates the 
direction of polariZation through 90° so that the polariZed 
light transmitted by the pixels of the spatial light modulator 
either passes through a polariZation analyZer or is absorbed 
by the polariZation analyZer, depending on the direction of 
the electric ?eld applied to each pixel. 

Re?ective spatial light modulators are similar in construc 
tion to transmissive spatial light modulators, but use re?ec 
tive pixel electrodes and have the advantage that they do not 
require a transparent substrate. Accordingly, re?ective spa 
tial light modulators can be built on a silicon substrate that 
also accommodates the drive circuits that derive the drive 
signals for the pixel electrodes from the input video signal. 
Are?ective spatial light modulator has the advantage that its 
pixel electrode drive circuits do not partially occlude the 
light modulated by the pixel. This enables a re?ective spatial 
light modulator to have a greater light throughput than a 
similar-siZed transmissive spatial light modulator and alloWs 
larger and more sophisticated drive circuits to be incorpo 
rated. 

As With the transmissive spatial light modulators, the 
direction of an electric ?eld (in this case betWeen the 
transparent electrode and the re?ective electrode) deter 
mined Whether or not the corresponding pixel of the re?ec 
tive spatial light modulator rotates through 90° the direction 
of polariZation of the light falling on (and re?ected by) by 
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2 
the pixel. Thus, the polariZed light re?ected by the pixels of 
the re?ective spatial light modulator either passes through a 
polariZation analyZer or is absorbed by the polariZation 
analyZer, depending on the direction of the electric ?eld 
applied to each pixel. 
The resulting optical characteristics of each pixel of both 

the transmissive and re?ective spatial light modulators are 
binary: each pixel either transmits light (its 1 state) or 
absorbs light (its 0 state), and therefore appears light or dark, 
depending on the direction of the electric ?eld. 
To produce the grayscale required for conventional dis 

play devices, the apparent brightness of each pixel is varied 
by temporally modulating the light transmitted by each 
pixel. The light is modulated by de?ning a basic time period 
that Will be called the illumination period of the spatial light 
modulator. The pixel electrode is driven by a drive signal 
that sWitches the pixel from its 1 state to its 0 state. The 
duration of the 1 state relative to the duration of the 
illumination period determines the apparent brightness of 
the pixel. 

To produce color output required for conventional display 
devices, a single spatial light modulator may be used or 
multiple spatial light modulators may be used. In order to 
produce a color output from a single spatial light modulator, 
the spatial light modulator is illuminated sequentially With 
light of different colors, typically red, blue, and green. This 
sequential illumination may be accomplished using multiple 
light sources, each having one of the desired illumination 
colors, or by using a “White” light source With sequential 
color ?ltering. For purposes of this description a “White” 
light source is one that emits light over a broad portion of the 
visible light spectrum. In either case, each of the sequential 
colors is modulated individually by the spatial light modu 
lator to produce three sequential single-color images. If the 
sequence of single-color images occur quickly enough, a 
vieWer of the sequential single-color images Will be unable 
to distinguish the sequential single-color images from a 
full-color image. 

To produce color output using multiple spatial light 
modulators, each of the spatial light modulators is simulta 
neously illuminated With a different colored light. This can 
be accomplished using multiple light sources, each having 
one of the desired illumination colors, or by using a “White” 
light source With a color separator. Typically three spatial 
light modulators are used, one illuminated With red light, 
one With blue light, and one With green light. Each of the 
spatial light modulators modulates the colored light that 
illuminates it to form a single-colored image, and the 
single-colored images from each of the spatial light modu 
lators are combined into a single full-color image. 

FIG. 1A shoWs part of a display device incorporating a 
conventional transmissive light valve system 2 including a 
single transmissive spatial light modulator 4. Other principal 
components of the display device are the polariZer 6, the 
analyZer 8, and the color sequencer 9. The light valve system 
is illuminated With light from the “White” light source 10, 
the e?iciency of Which may be improved using a re?ector 12 
and collector optics 14 that concentrate the light toWards the 
polariZer 6. The light output by the light valve system passes 
to the output optics 16 that focus the light to form an image 
(not shoWn). The light valve system, light source (including 
re?ector and collector optics) and output optics may be 
incorporated into various types of display device, including 
miniature, Wearable devices, cathode-ray tube replacements, 
and projection displays. 

Light generated by the light source 10 passes through the 
polariZer 6. The polariZer polariZes the light output from the 
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light source. The polarized light is then transmitted to the 
color sequencer 9. The color sequencer, alloWs only a 
portion of the light in a particular color Waveband to pass, 
?ltering the remaining Wavelengths of light. 

FIG. 1B is a front vieW of the particular type of color 
sequencer shoWn in FIG. 1A. This type of color sequencer 
9 is a Wheel 18 that can spin around a pivot 20 driven by a 
stepper motor 22. The Wheel includes several ?lter WindoWs 
24 that alloW only a particular Waveband of light to pass, 
blocking the remaining light. Blue, Green and Red ?ler 
WindoWs are depicted that alloW only a blue, a green, or a red 
Waveband of light, respectively, to pass. A color sequence 
controller 26 is connected to the stepper motor. The con 
troller 26 directs the stepper motor to rotate the Wheel 
around the pivot in the direction indicated by arroW 28, to 
stop the Wheel When the next WindoW 24 is aligned With the 
spatial light modulator 4, and to begin rotation again after a 
given period of time has elapsed. Thus, the spatial light 
modulator is illuminated sequentially With polariZed light 
that is in a blue Waveband, a green Waveband, and a red 
Waveband. 

The spatial light modulator 4 is divided into a tWo 
dimensional array of picture elements (pixels) 30 that de?ne 
the spatial resolution of the light valve system. The direction 
of an electric ?eld in each pixel of the spatial light modulator 
12 determines Whether or not the direction of polariZation of 
the light re?ected by the pixel is rotated by 90° relative to the 
direction of polariZation of the incident light. Asubstantially 
reduced number of pixels 30 are shoWn to simplify the 
draWing. For example, in a light valve system for use in a 
large-screen computer monitor, the re?ective electrode 
could be divided into a tWo-dimensional array of 1600x1200 
pixel electrodes. 

Referring back to FIG. 1A, the light transmitted by each 
pixel 30 of the spatial light modulator passes to the analyZer 
8 and is output from the light valve system 2 depending on 
Whether or not its direction of polariZation Was rotated by the 
spatial light modulator. The light output from the light valve 
system 2 passes to the output optics 16 to form an image (not 
shoWn). The image Will consist of green pixels if the color 
sequencer 9 is in the position shoWn in FIG. 1B. The 
folloWing tWo images output by the light valve system 2 Will 
consist of blue pixels and red pixels, respectively. If these 
images occur quickly enough in sequence, a vieWer Will see 
What appears to be a full color image. 

FIG. 2 depicts part of a prior art display device incorpo 
rating a conventional re?ective light valve system 39 includ 
ing a single re?ective spatial light modulator 40. It is noted 
that throughout the folloWing description, elements that are 
identical to elements previously described are indicated by 
like reference numerals and Will not be described again. The 
re?ective light valve system 39 operates in essentially the 
same manner as the transmissive light valve system 2, 
except that the light transmitted by the color sequencer 9 is 
re?ected by the spatial light modulator 40 rather than being 
transmitted through it. The re?ective spatial light modulator 
40 is similar to the previously described transmissive spatial 
light modulator 4 inasmuch as it is divided into a tWo 
dimensional array of picture elements (pixels) 30 that de?ne 
the spatial resolution of the light valve system 39. In 
addition, the direction of an electric ?eld in each pixel of the 
re?ective spatial light modulator 40 determines Whether or 
not the direction of polariZation of the light re?ected by the 
spatial light modulator 40 at that pixel is rotated by 90° 
relative to the direction of polariZation of the incident light. 

In the con?guration depicted in FIG. 2, the re?ective light 
valve system 39 is con?gured With the light from the light 
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4 
source 10 illuminating the re?ective spatial light modulator 
40 at an incident angle 4) from the perpendicular. The light 
re?ected from the spatial light modulator is also re?ected at 
an angle 4) from the perpendicular in a direction opposite that 
of the incident light. Thus, the angle betWeen the light 
illuminating the spatial light modulator and the light 
re?ected from the spatial light modulator is equal to 2(1). This 
angle alloWs the light re?ected from the spatial light modu 
lator 40 to transmit unobstructed to the analyZer 8 and alloWs 
for a compact overall design. 

FIG. 3 depicts part of another prior art display device that, 
like the device shoWn in FIG. 2, incorporates a conventional 
re?ective light valve system 39 including a single re?ective 
spatial light modulator 40. This display device is distinct 
from those previously described inasmuch as it utiliZes a 
beam splitter 44. The beam splitter re?ects the light from the 
light source 10 toWards the re?ective spatial light modulator 
40 after it has been polariZed by polariZer 6. At the same 
time, the beam splitter function to transmit the light re?ected 
from the re?ective spatial light modulator toWards the 
analyZer 8. Alternatively, the components could be rear 
ranged (not shoWn) so that the beam splitter transmits light 
from the light source toWards the re?ective spatial light 
modulator While re?ecting the light re?ected from the spatial 
light modulator toWards the analyZer. 

Using a beam splitter in the manner described offers the 
advantage that the spatial light modulator 40 can be illumi 
nated from, and re?ect light along a path perpendicular to 
the spatial light modulator. This eliminates any distortion 
that may result from illuminating the re?ective spatial light 
modulator from an angle 4) as shoWn in FIG. 2. 

FIGS. 4, 5, and 6 depict part of prior art display devices 
similar to those shoWn in FIGS. 1A, 2, and 3, respectively. 
The primary difference betWeen the later Figures and the 
former is that each of the later includes a tri-color light 
source 32 instead of the color sequencer 9 and White light 
source 10. The tri-color light source typically includes a red 
light emitting diode (LED) 34, a blue LED 36, and a green 
LED 38 although other red, blue, and green light-emitting 
devices Whose output can be rapidly modulated may be used 
as the tri-color light source. 

When the light valve system is operated in each of FIGS. 
4—6, the red, blue and green LEDs sequentially illuminate 
the spatial light modulator 4, 40. The light transmitted or 
re?ected by the pixels 30 pass to the analyZer 8 and is output 
from the light valve system 2, 39 depending on Whether or 
not its direction of polariZation Was rotated by pixel of the 
spatial light modulator. The light output from the light valve 
system passes to the output optics 16 to form an image (not 
shoWn). This image Will consist of blue, green, or red pixels 
When the blue LED 36, green LED 38, or red LED 34, 
respectively, illuminates the spatial light modulator. If these 
images occur quickly enough in sequence, a vieWer Will see 
What appears to be a full color image. 

FIGS. 7—9 each depict part of a prior art display device 
incorporating a conventional triple re?ective light valve 
system 46 that includes three re?ective spatial light modu 
lators 40. Each of the triple re?ective light valve systems 
depicted operates in a similar manner to the display devices 
previously described. First, the light valve system 46 is 
illuminated With light from the “White” light source 10, the 
ef?ciency of Which may be improved using a re?ector 12 
and collector optics 14 that concentrate the light toWards the 
polariZer 6. The polariZed light is then re?ected by the beam 
splitter 44 toWards a color separator. 

In FIG. 7, the color separator is a series of three dichroic 
plates 48, 50, and 52, each having an associated re?ective 














